This study examined the role of CRH-induced ovarian cell apoptosis in the restraint stress (RS)-induced impairment of oocyte competence. Oocyte percentages of apoptotic cumulus cells (CCs) did not differ between stressed and control mice before in vitro maturation (IVM) but became significantly higher in stressed mice after IVM without serum, growth factor, and hormone. The level of Bcl2 mRNA decreased significantly in mural granulosa cells (MGCs) and ovarian homogenates after RS. Whereas ovarian estradiol, testosterone, and IGF1 decreased, cortisol and progesterone increased significantly following RS. RS increased the level of CRH in serum, ovary, and oocyte while enhancing the expression of CRHR1 in CCs, MGCs, and thecal cells. RS down-regulated ovarian expression of glucocorticoid receptor and brain-derived neurotrophic factor. Furthermore, CRH supplementation to IVM medium impaired oocyte developmental potential while increasing apoptotic CCs, an effect that was completely overcome by addition of the CRHR1 antagonist antalarmin. Results suggest that RS impaired oocyte competence by increasing CRH but not glucocorticoids. Increased CRH initiated a latent apoptotic program in CCs and oocytes during their intraovarian development, which was executed later during IVM to impair oocyte competence. Thus, elevated CRH interacted with increased CRHR1 on thecal cells and MGCs, reducing the production of testosterone, estrogen, and IGF1 while increasing the level of progesterone. The imbalance between estrogen and progesterone and the decreased availability of growth factors triggered apoptosis of MGCs and facilitated CC expression of CRHR1, which interacted with the oocyte-derived CRH later during IVM to induce CC apoptosis and reduce oocyte competence.
INTRODUCTION
Studies suggest that psychological stress can exert detrimental effects on reproduction in women [1] [2] [3] [4] [5] [6] . Restraint of animals is an experimental procedure developed for studies of psychogenic stress [7, 8] . Mice and rats exposed to restraint stress (RS) during pregnancy show impaired function of corpora lutea and reduced pregnancy rates and litter size [9] [10] [11] . Adverse effects of psychological stress on reproduction have also been reported in sows [12, 13] and ewes [14] .
A prospective study indicates that stressful life events may reduce the chances of a successful outcome following in vitro fertilization (IVF), possibly through psychobiological mechanisms affecting medical end points such as oocyte retrieval outcome [15] . Furthermore, our recent studies have unequivocally demonstrated that RS applied during final follicular growth and maturation significantly diminished the developmental potential and induced chromosome aneuploidy of mouse oocytes [16, 17] . However, the mechanism by which psychological stress damages the oocyte is largely unknown.
Studies on the mechanisms by which stress affects female reproduction have demonstrated that stress activates the hypothalamo-pituitary-adrenocortical (HPA) axis and thus enhances production of corticotrophin-releasing hormone (CRH) by the hypothalamus, adrenocorticotropic hormone (ACTH) and b-endorphin by the pituitary, and glucocorticoids by the adrenal cortex. Some studies suggest that CRH, glucocorticoids, and ACTH affect ovarian function at the hypothalamus and the pituitary gland levels to decrease the synthesis and release of gonadotropin-releasing hormone, luteinizing hormone (LH), and follicle-stimulating hormone (FSH), whereas others suggest that they act on the ovary to modulate steroidogenesis and/or oogenesis directly [18] [19] [20] . However, evidence regarding the direct effect of the HPA products on the oocyte is limited and conflicting. For example, whereas RS of mice increased the level of cortisol but diminished oocyte developmental competence significantly, exposure of mouse oocytes in vitro to stress-like concentrations of cortisol did not affect their maturation and development to the blastocyst stage [16, 21] .
Early studies showed that oocytes from atretic follicles with more apoptotic cells are less developmentally competent than oocytes from healthy follicles with fewer apoptotic cells [22] [23] [24] . Stressors of different types [25] [26] [27] [28] or treatments with glucocorticoids [29] [30] [31] [32] induce apoptosis in different tissues, including testicular germ cells [33] . Fluid from follicles of women whose oocytes were not fertilized contained cortisol levels significantly higher than in the fluid from follicles containing successfully fertilized oocytes [34] . Peripheral CRH has been identified in the reproductive system, including the ovary and testis [18] . CRH suppressed estrogen release from cultured rat granulosa cells by inhibiting release of insulin-like growth factor 1 (IGF1) [35, 36] , and both estrogen and IGF1 inhibited apoptosis in different cells, including granulosa cells [37] [38] [39] . Furthermore, recent findings support the idea that CRH participates in the stress-induced apoptosis of hippocampal neurons [40] .
We therefore hypothesize that stress, and thus activation, of the HPA axis may impair oocyte potential by an indirect mechanism that induces apoptosis first in ovarian cells and then in the oocyte itself. In other words, stress increases CRH and/or glucocorticoids that impair oocyte developmental potential by triggering apoptosis of follicular cells. The objective of the present study was to test this hypothesis. Female mice were subjected to RS for 24 h starting 24 h after equine chorionic gonadotropin (eCG) injection to mimic the human IVFassociated distress taking place sometime during the FSHstimulation period in the follicular phase. At the end of the RS period, mice were killed to examine the role of CRH-induced apoptosis of ovarian cells in the RS-induced impairment of oocyte competence. Results suggested that RS impaired oocyte competence by increasing CRH but not glucocorticoids. Increased CRH initiated a latent apoptotic program in cumulus cells (CCs) and oocytes during their intraovarian development, which was executed later during in vitro maturation (IVM) to impair oocyte competence.
MATERIALS AND METHODS
Unless otherwise specified, all chemicals and reagents used in the present study were purchased from Sigma Chemical Co.
Mice and Treatments
Mice of the Kunming strain were kept in a room with a 14L:10D photoperiod, with lights-off at 2000 h. The animals were handled according to the rules stipulated by the Animal Care and Use Committee of Shandong Agricultural University. Female mice at the age of 6-8 wk were injected with eCG (10 IU i.p.), and at 24 h after eCG injection, the mice were subjected to RS for 24 h. For restraint treatment, an individual mouse was put in a microcage constructed by the authors [16] , which was placed in an ordinary home cage. The microcage offered the same photoperiod and controlled temperature (22-258C) as in the large home cage for the unstressed animals. While in the microcage, mice could move back and forth to some extent and could take food and water freely, but they could not turn around. Antalarmin was dissolved first in ethanol and then in saline. Immediately before restraint treatment, mice were injected i.p. with antalarmin (20 mg/kg in a volume of 0.1 ml) or an equivalent volume of vehicle, and serum was recovered for cortisol measurement at different times after injection or restraint treatment.
Recovery of Ovaries, Oocytes, and Mural Granulosa Cells
Both stressed and unstressed control mice were killed at 48 h after eCG injection by decollation to collect ovaries for the recovery of oocytes and mural granulosa cells (MGCs). The large follicles on the ovary were ruptured in M2 medium [41] to release cumulus-oocyte complexes (COCs). Only COCs with more than three layers of unexpanded CCs, containing oocytes larger than 70 lm in diameter, and with a homogenous cytoplasm were used for experiments. The MGC sheets released into M2 medium at puncture of follicles were collected and pelleted by centrifugation at 200 3 g for 5 min at room temperature. The pellets were then resuspended in TRIzol (Invitrogen, Australia Pty. Ltd.) or in the sample buffer for use in quantitative real-time PCR or Western blot analysis, respectively.
IVM of Oocytes
The COCs were cultured in groups of approximately 30 in 100-ll drops of maturation medium at 37.58C in a humidified atmosphere of 5% CO 2 in air. Two media were prepared for oocyte maturation based on TCM-199 (Gibco). Whereas medium with serum, growth factor, and hormone (SGH) was supplemented with 10% (v/v) fetal bovine serum (Gibco), 1 lg/ml of 17b-estradiol, 24.2 mg/ml of sodium pyruvate, 0.05 IU/ml of FSH, 0.05 IU/ml of LH, and 10 ng/ml of epidermal growth factor, medium without SGH was supplemented with only 24.2 mg/ml of sodium pyruvate and 0.3 mg/ml of polyvinyl alcohol.
Antalarmin and/or CRH were added to maturation medium to observe their effect on oocyte maturation. For preparation, CRH (2 3 10 À4 M) and antalarmin (2 3 10 À4 M) were dissolved in water and dimethyl sulfoxide, respectively. The stock solutions were stored at À208C until use.
Oocyte Activation and Embryo Culture
At 24 h of maturation culture, oocytes were stripped of their CCs by pipetting with a thin pipette in M2 medium containing 0.1% hyaluronidase. Oocytes were then incubated in the activating medium (Ca 2þ -free CZB medium supplemented with 10 mM SrCl 2 and 5 lg/ml of cytochalasin B) for 6 h at 37.58C in a humidified atmosphere with 5% CO 2 in air. At the end of treatment, oocytes were examined with a Nikon inverted microscope for activation. Oocytes were considered to be activated when each contained one or two welldeveloped pronuclei. Activated oocytes were cultured for 4 days in regular CZB medium (30-35 oocytes per 100-ll drop). Glucose (5.5 mM) was added to the CZB medium when embryos were beyond the 3-or 4-cell stage.
Assessment of CC Apoptosis
The CCs freed from 60-80 COCs were collected into a 0.5-ml tube and separated from medium by centrifugation (200 3 g, 5 min, room temperature). The CC pellets were resuspended in 50 ll of M2 medium supplemented with 0.01 mg/ml of Hoechst 33342 and stained in the dark for 5 min. The stained cells were then centrifuged (200 3 g, 5 min, room temperature) again to concentrate cells. After removal of approximately half the supernatant, a 5-ll drop of suspension was smeared on the slide and observed under a Leica DMLB fluorescence microscope (4003). Six to eight fields were randomly examined on each smear, and percentages of apoptotic cells were calculated from 60-80 cells observed in each field.
Blood Serum Preparation and Ovarian Homogenization
Mice were killed by decollation, and trunk blood (;1 ml) was collected into ice-cooled centrifugal tubes and centrifuged (1700 3 g, 10 min, 48C) to separate serum. The serum collected was stored at À808C until hormone assay. For ovarian homogenization, the ovaries were snap-frozen in liquid nitrogen immediately after removal from the females. The frozen ovaries were weighed and transferred to an electrical homogenizer (ULTRA TURRAX IKA T18 basic) with the proper amount of homogenization solutions. Homogenization was performed while cooling on ice. Following homogenization, the homogenates were centrifuged (15 000 3 g, 10 min, 48C), and the supernatant was collected for immediate use or stored at À808C until use.
Quantitative Real-Time PCR
Ovarian homogenization was performed using TRIzol reagent (1 ml per 75 mg of ovarian tissue). More than 5 3 10 5 MGCs from four mice or approximately 500 COCs from each treatment were treated with TRIzol reagent for RNA isolation. The RNA isolated was resuspended in diethyl pyrocarbonate-treated MilliQ water (DEPC-dH 2 O) and digested with RNase-free DNase I (Takara Biotechniques). The purified RNA was dissolved in DEPCdH 2 O and spectroscopically quantified at 260 nm. Purity and integrity of the RNA was assessed by determination of the A 260 :A 280 ratio (1.8-2.0) and electrophoresis in 1% agarose. 
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Reverse transcription was performed in a total volume of 20 ll using Superscript III Reverse Transcriptase (Invitrogen Australia Pty., Ltd). Briefly, 2 ll of each RNA sample were mixed in a 0.2-ml reaction tube with 4 ll of dNTP, 1.5 ll of Oligo dT 18 (Takara), and 6 ll of DEPC-dH 2 O, and the mixture was incubated in a PCR instrument at 658C for 5 min. As soon as the incubation ended, the reaction tube was cooled on ice for 2 min and then centrifuged (200 3 g for 10 sec at 48C) for a few seconds. Then, 4 ll of 53 RT buffer, 0.5 ll of RNase inhibitor, and 0.5 ll of Superscript III Reverse Transcriptase were added to the reaction tube. The mixture was then incubated at 508C for 1 h, followed by incubation at 708C for 15 min before storage at À208C until use.
Gene-specific primers for real-time RT-PCR are listed in Table 1 . Quantification of mRNA was conducted using the Mx3005P Real-Time PCR System (Stratagene). Amplification reactions were performed in a 10-ll reaction volume containing 1 ll of cDNA, 5 ll of 23 SYBR Green Master Mix (Stratagene), 0.15 ll of 500-fold diluted reference dye, 3.05 ll of RNase-free water, and 0.4 ll each of forward and reverse gene-specific primers (10 lM). Cycle amplification conditions comprised an initial denaturation step at 958C for 10 min followed by 40 cycles at 958C for 5 sec and 608C for 20 sec. Immediately after amplification, PCR products were analyzed by sequencing, dissociation-curve analysis, and gel electrophoresis to determine specificity of the reaction. Gene expression was normalized to the gapdh internal control. All values were then expressed relative to calibrator samples using the 2
method [42] .
Hormone Assays
The same group of stressed or control mice were killed to collect serum and ovaries for hormone assay. Ovaries were homogenized in PBS (800 ll per 100 mg of ovarian tissue). Each treatment was repeated three times, with each replicate containing ovarian homogenates or serum from three mice. Whereas serum from each mouse was assayed individually, ovarian homogenates from three mice were pooled before assays.
Radioimmunoassay of steroid hormones. Radioimmunoassay was conducted by the Central Hospital of Tai-An City using commercial kits from Jiuding Biomedical Techniques Co. Ltd. The minimum levels of detection for assays of estradiol, progesterone, testosterone, and cortisol were 1 pg/ml, 1 ng/ ml, 10 pg/ml, and 10 ng/ml, respectively. The intra-and interassay coefficients of variation were, respectively, 7.7% and 8.9% for estradiol, 7.2% and 8.9% for progesterone, 7.4% and 9.8% for testosterone, and less than 10% and less than 15% for cortisol.
ELISA of IGF1 and CRH. ELISA was conducted using a Mouse CRH ELISA kit and Mouse IGF-1 ELISA kit (USA R&D Co.) purchased from Shanghai Quiqi Biological Technology Co., Ltd. Briefly, 50 ll of standards or samples were added in duplicate to wells of a microtiter plate precoated with mouse monoclonal antibodies and incubated for 30 min at 378C. After the plate was washed using the wash solution and blot dried using paper towels, 50 ll of Enzyme Conjugate (horseradish peroxidase-conjugated antibodies) were added to each well, mixed thoroughly, and incubated for 30 min at 378C. Then, after the microtiter plate was washed and blot dried, 50 ll of Substrates A and B were added to each well and incubated for 15 min at 378C. The optical density was read at 450 nm using a plate reader (BioTek-ELx808, BioTek Instruments, Inc.) within 15 min after the reaction was terminated by adding 50 ll of the Stop Solution. The concentrations of IGF1 and CRH in ovarian homogenates and serum were calculated according to their respective standard curves.
Western Blot Analysis
Ovarian homogenization was performed using radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl, 1.0% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM phenylmethyl sulfonyl fluoride, and 50 mM Tris; pH 8.0). For 75 mg of ovarian tissue, 1 ml of RIPA buffer was added. After the total protein concentration was determined with a BCA Protein Assay Kit (P0012; Beyotime Institute of Biotechnology) and adjusted to 1 lg/ll, the samples were subpackaged and frozen at À808C. CCs from approximately 60 COCs or MGCs from approximately 30 follicles were placed in a 1.5-ml microfuge tube containing 20 ll of sample buffer (20 mM Hepes, 100 mM KCl, 5 mM MgCl 2 , 2 mM dithiothreitol, 0.3 mM phenylmethyl sulfonyl fluoride, and 3 lg/ml leupeptin; pH 7.5) and frozen at À808C. For protein extraction, 5 ll of 53 SDS-PAGE loading buffer were added to each tube, and the tubes were heated to 1008C for 5 min.
Total proteins were separated on a 12% polyacrylamide gel by SDS-PAGE and transferred electrophoretically onto polyvinylidene fluoride membranes. After being washed in TBST (150 mM NaCl, 2 mM KCl, 25 mM Tris, and 0.05% Tween 20; pH 7.4) and blocked with TBST containing 3% bovine serum albumin (BSA) for 2 h at 378C, the membranes were incubated at 48C overnight with goat anti-CRH receptor 1 (CRHR1) polyclonal antibodies (1:400, ab59023; Abcam Co., Ltd.) and mouse anti-glyceraldehyde phosphate dehydrogenase (GAPDH) monoclonal antibodies (1:1000, CW0100; Kangweishiji Biotechnology Co., Ltd.). Then, the membranes were washed in TBST and incubated for 1.5 h at 378C with alkaline phosphatase-conjugated rabbit RESTRAINT STRESS, CRH, AND OOCYTE COMPETENCE anti-goat immunoglobulin (Ig) G (1:1000, ZB-2311; Zhongshan Golden Bridge Biotechnology Co., Ltd.) and goat anti-mouse IgG (1:4000, CW0110; Kangweishiji Biotechnology Co., Ltd.). Finally, signals were detected by a 5-bromo-4-chloro-3-indolyl phosphate/tetranitroblue tetrazolium chloride alkaline phosphatase color development kit (Beyotime Institute of Biotechnology). Relative quantities of proteins were determined with Image-Pro Plus (IPP) software (Media Cybernetics, Inc.) by analyzing the sum density of each protein band image. The relative quantities of CRHR1 in unstressed control mice were arbitrarily set as one, and the values in stressed mice were expressed relative to this quantity.
Immunohistochemistry
Detection of CRHR1 in ovarian sections. Ovaries were embedded in paraffin and sectioned serially at a thickness of 5 lm. Immunoperoxidase staining was performed on deparaffinized sections using the Polink-2 plus Polymer HRP Detection System for Goat Primary Antibody (PV-9003; Zhongshan Golden Bridge Biotechnology Co., Ltd.). Sections were incubated with 3% peroxide for 15 min to exhaust endogenous peroxidase activity and with 0.1% trypsin for 15 min at 378C for antigen retrieval. After being washed in PBS, the sections were incubated with goat polyclonal antibody to CRHR1 (1:150, ab59023; Abcam Co., Ltd.) or PBS (for negative control) overnight at 48C, Polymer Helper (Zhongshan Golden Bridge Biotechnology Co., Ltd.) for 15 min at 378C, and then poly-horseradish peroxidase anti-goat IgG for 30 min at 378C. Sections were then immersed in diaminobenzidine solution for 2 min to develop color and counterstained with hematoxylin. Positive staining was revealed as brown spots and nonspecific staining of all cell nuclei as light blue. The relative quantity of CRHR1 on thecal cells was determined with the IPP software by analyzing the sum density of the positive spots. Optical density and the area were measured on three thecal segments of each antral follicle, and an average density:area ratio was then calculated to represent the amount of CRHR1 in the follicle. The relative quantities of CRHR1 in unstressed control mice were arbitrarily set as one, and the values in stressed mice were expressed relative to this quantity.
Detection of CRH in oocytes. Oocytes were washed in M2 medium between treatments. Cumulus-free oocytes were fixed with 4% paraformaldehyde in PHEM buffer [43] for 30 min and then blocked in PHEM containing 1% BSA and 100 mM glycine for 1 h. Blocked oocytes were incubated with rabbit anti-CRH polyclonal antibody (1:40, sc-6329; Santa Cruz Biotechnology, Inc.) at 48C overnight, Cy3-conjugated goat anti-rabbit IgG (1:600; Jackson ImmunoResearch) in 3% BSA in M2 medium for 1 h, and then 10 lg/ ml of Hoechst 33342 in M2 medium for 10 min. Negative-control samples in which the primary antibody was omitted were also evaluated. The stained oocytes were observed with a Leica laser-scanning confocal microscope (TCS, SP2; Leica Microsystems). Blue diode (405 nm) and helium/neon (543 nm) lasers were used to excite the Hoechst 33342 and Cy3, respectively. Fluorescence was detected with bandpass emission filters (Hoechst 33342, 420-480 nm; Cy3, 560-605 nm). The relative content of CRH was quantified by measuring fluorescence intensities. For each experimental series, all images were acquired with identical settings. The relative intensities were measured on the raw images using the IPP software under fixed thresholds across all slides. The average relative fluorescence of unstressed control oocytes was set to one, and the averages of stressed oocytes were expressed relative to this value.
Data Analysis
At least three replicates were performed for each treatment. Percentage data were arc sine transformed and analyzed with ANOVA; a Duncan multiplecomparison test was used to locate differences. The Statistical Package for Social Science software (version 11.5; SPSS, Inc.) was used. Data are expressed as the mean 6 SEM, with P , 0.05 considered to be statistically significant.
RESULTS

RS Triggered Apoptosis of CCs While Reducing Oocyte Developmental Potential
When smears stained with Hoechst 33342 were observed under a fluorescence microscope, healthy CCs showed normal nuclei with sparse heterochromatin spots, but apoptotic CCs showed pyknotic nuclei full of heterochromatin (Fig. 1) . Percentages of apoptotic CCs did not differ between control and stressed mice before or after culture with SGH but increased significantly in stressed mice after culture without SGH (Table 2) . Although percentages of metaphase II oocytes did not differ, percentages of blastocysts were significantly 
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lower in stressed than in control mice after maturation with or without SGH.
The relative abundance of Casp3, Bax, and Bcl2 mRNA in freshly collected COCs did not differ between control and stressed mice (Fig. 2) . After maturation with SGH, the abundance of Bax and Bcl2 mRNA did not differ between control and stressed mice, but Casp3 mRNA was undetectable. After maturation without SGH, the level of Bax and Casp3 mRNA increased significantly in stressed mice. These results suggested that RS initiated a latent apoptotic program in CCs and oocytes that was executed later during IVM and impaired oocyte developmental potential and that SGH in culture medium prevented apoptosis of CCs and oocytes by inhibiting expression of CASP3 and BAX.
RS Induced Apoptosis in Ovarian Cells, Particularly in MGCs
The relative abundance of Bax and Casp3 mRNA did not differ between control and stressed mice, but Bcl2 mRNA decreased significantly in both ovarian homogenates and MGCs of stressed mice (Fig. 3) . Furthermore, the decrease in Bcl2 mRNA was more obvious in MGCs (43%) than in ovarian homogenates (57%), suggesting that RS induced apoptosis first in MGCs.
Effects of RS on Steroid Hormone Levels in Serum and Ovaries
Following RS, concentrations of cortisol and progesterone increased but that of estradiol decreased significantly in both serum and ovarian homogenates (Fig. 4 ). Interestingly, whereas the level of testosterone in serum increased, that in the ovary decreased significantly following RS.
Effects of RS on Ovarian Expression of IGF1 and BrainDerived Neurotrophic Factor
Concentrations of IGF1 in both serum and ovary decreased significantly following RS (Fig. 5) . Although the levels of Igf1 and Bdnf mRNA in COCs were unchanged, those in MGCs decreased significantly following RS (Fig. 5) , suggesting that RS decreased ovarian IGF1 and brain-derived neurotrophic factor (BDNF) expression mainly by inhibiting MGCs.
RS Increased the CRH Level in Serum, Ovary, and Oocyte
Concentrations of CRH increased significantly in both serum and ovary following RS (Fig. 6) . Oocyte CRH occurred mainly as large spots distributed beneath the plasma membrane or near the germinal vesicle (Fig. 6) . Quantification showed that the relative level of CRH was significantly higher in stressed than in control oocytes. 
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Localization and Quantification of CRHR1 in Different Ovarian Tissues of Control and Stressed Mice
Positive signals for CRHR1 were highly detected in stromal and thecal cells of the antral follicles but were barely detectable in MGCs and CCs (Fig. 7) . Quantification indicated that the relative level of CRHR1 in thecal cells increased significantly following RS. Western blot analysis showed that the relative CRHR1 levels in CCs, MGCs, and ovarian homogenates were all significantly higher in stressed than in control mice (Fig. 8) .
CRH Impaired Oocyte Cytoplasmic Maturation while Increasing Apoptosis of CCs In Vitro
Oocytes from control and stressed mice were cultured for 24 h in TCM-199 containing SGH in the presence or absence of CRH and/or the CRHR1 antagonist antalarmin before being activated with SrCl 2 for embryo development. In both control and stressed mice, CRH reduced blastocyst rates significantly but had no effect on cell number per blastocyst (Table 3) . Supplementation of antalarmin eliminated the detrimental effect of CRH on oocyte developmental potential. CRH did not show any effect on oocyte cytoplasmic maturation of cumulus-denuded oocytes, indicating that its effect was mediated by CCs. Antalarmin did not affect oocyte cytoplasmic maturation in the absence of CRH, excluding its toxicity on oocytes. To observe the effect of CRH on apoptosis of CCs, oocytes were matured without SGH. The results (Table 3) showed that in both control and stressed mice, CRH increased apoptotic percentages of CCs significantly and that antalarmin overcame the proapoptotic effect of CRH completely.
Restraint stress elevated glucocorticoid levels by increasing CRH while decreasing ovarian expression of glucocorticoid receptors (nuclear receptor subfamily 3, group C, member 1; NR3C1).
When stressed mice were injected with antalarmin, no effect was observed at 24 h after injection, but cortisol decreased to the level in the control mice at 3 h after injection (Table 4) . Our quantitative real-time PCR, however, showed that the relative levels of ovarian Nr3c1 mRNA were lower significantly in stressed (0.51 6 0.07) than in control mice (1.00 6 0.00). Results suggest that although RS elevated glucocorticoid levels by increasing CRH, glucocorticoids may not act on the ovary directly.
DISCUSSION
The present results suggest that RS initiated a latent apoptotic program in CCs and oocytes during their development in the ovary, which was executed later during IVM to induce apoptosis and impair oocyte developmental potential. Thus, although percentages of apoptotic CCs and the mRNA levels of the proapoptotic Bax and Casp3 did not differ between control and stressed mice before or after culture of COCs with SGH, they were significantly higher in stressed mice after culture without SGH. Further observations indicated that Bcl2 mRNA decreased significantly in both ovarian homogenates and MGCs of stressed mice, and the decrease in Bcl2 mRNA was more obvious in MGCs than in ovarian homogenates. Although the levels of Igf1 and Bdnf mRNAs in COCs were unchanged, those in MGCs decreased significantly following RS, suggesting that RS decreased ovarian growth factor concentrations mainly by inhibiting MGCs. Because both IGF1 and BDNF are antiapoptotic in the ovary [44] , the present results suggest that RS induced apoptosis earlier in MGCs than in COCs. It is known that the first signs for atresia of antral follicles are the presence of pyknotic nuclei indicative of apoptosis in the membrana granulosa and antrum [45] [46] [47] [48] [49] . The whole membrana granulosa and cumulus are then destroyed. Finally, the follicular fluid is reabsorbed, and the oocyte is affected at the advanced stage of atresia [50] . Furthermore, targeted expression of Bcl2 in mouse oocytes inhibits ovarian follicular atresia and prevents spontaneous and chemotherapy-induced oocyte apoptosis in vitro [51] .
The present study demonstrated that RS increased concentrations of cortisol and progesterone but decreased levels of estradiol and testosterone significantly in the mouse ovary. 
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Furthermore, RS also decreased IGF1 concentrations in the ovary by inhibiting mRNA expression of Igf1 in MGCs and down-regulated mRNA expression of Bdnf. In cattle, two of the earliest detectable differences between the healthy dominant follicle selected for ovulation and the subordinate follicles destined to undergo atresia are the greater availability of IGF and the greater capacity to produce estradiol in the dominant follicle [52] . In goats, the levels of estradiol and IGF1 were significantly lower in atretic follicles than in healthy follicles [38] . The level of progesterone, on the other hand, was higher in atretic follicles. Furthermore, another study showed that IGF1 significantly reduced the apoptotic percentage of goat granulosa cells cultured in vitro [53] . BDNF is a member of the nerve growth factor family that is important for neuronal survival and plasticity. Recently, BDNF has been found to be expressed in ovarian tissues [54, 55] , and evidence for a role for ovarian BDNF in oocyte development and maturation is increasing [56] [57] [58] . Furthermore, a recent study has shown that chronic unpredictable stress decreased the expression of BDNF in mouse ovaries [59] . Taken together, the data suggest that RS induced apoptosis of follicular cells by upsetting the balance between estrogen and progesterone and by decreasing the availability of IGF1 and BDNF. In addition, a decrease in testosterone may also induce apoptosis by activating caspases. It has been shown that testosterone inhibits apoptosis in the ventral prostate by potentially targeting the transcriptional activity of effector caspase 3 and 6 genes as well as the cleavage of procaspase 3 and 6 into active enzymes [60] . In utero exposure to the antiandrogen compound (flutamide) induced in rat testes a chronic apoptotic germ cell death associated with a long-term increase in the expression and activation in germ cells of caspases 3 and 6 [61] .
To study the mechanisms by which RS changes the balance between estrogen and progesterone and reduces the availability of IGF1, we observed that RS elevated the level of CRH in both serum and ovarian homogenates and increased the expression of CRHR1 in thecal cells and MGCs. Cytoplasmic CRH has been detected in thecal and stromal cells and in cells within the corpora lutea in both rat [62] and human [63] ovaries. Our Western blot analysis showed marked expression of CRHR1 proteins in both CCs and MGCs, but our immunohistochemistry of ovarian sections detected rare positive signals of CRHR1 in these cells. Previous studies also showed that CRHR was not detectable in MGCs but was RESTRAINT STRESS, CRH, AND OOCYTE COMPETENCE detectable in ovarian stromal cells, thecal cells, and CCs [18, 62, 64] . However, evidence suggests the occurrence of CRHR in granulosa cells. For example, the suppressive effects of CRH on estrogen and IGF1 release from rat granulosa and human granulosa-luteal cells were antagonized by a selective CRH receptor antagonist [35, 36] .
Immobilization stress induced a marked expression of Crhr1 mRNA in the stromal cells of rat ovaries [64] . CRH has been shown to restrain the production of estrogen by cultured rat and human granulosa cells [35, 65] . It is known that estrogen is synthesized by granulosa cells from androgen produced by thecal cells. Studies in rats demonstrated that CRH acted via functional Leydig cell receptors to exert autocrine inhibitory actions on Leydig cell steroidogenesis [66, 67] . Because the ovarian thecal cell is considered to be the embryological and functional equivalent of the testicular Leydig cell [68] , it is reasonable to hypothesize that CRH plays a similar role in the androgen biosynthesis in the ovary. The reason for the increase in progesterone after RS is unclear, but a decrease in activity of an enzyme that degrades progesterone (e.g., 20a-or 20b-hydroxysteroid dehydrogenase) may increase progesterone concentrations [69] . In goats, although expression of mRNA encoding CYP11A1 (P450scc) was unaffected, that of mRNA encoding CYP17A1 (P450c17) decreased to the lowest level and that of mRNA encoding CYP19A1 (P450arom) became undetectable following atresia [70] . Follicular atresia in cattle [71] and sheep [72] was also characterized by a loss of CYP19A1 in granulosa cells and a decrease in levels of CYP17A1 in the theca interna. Therefore, the present results showing that testosterone production was significantly decreased with increased expression of CRH and its receptors in thecal cells of the mouse ovary after RS support hypotheses that CRH plays an inhibitory role in the androgen biosynthesis in the ovary and that decreased activity of enzymes that consume progesterone may lead to progesterone accumulation.
The present results indicate that IGF1 in mouse ovaries was produced mainly by MGCs. In the rat, IGF1 is produced by MGCs of the developing follicle [73] . In murine ovaries, besides a potent stimulatory effect on granulosa cell replication LIANG ET AL.
[74], IGF1 also exerts a stimulatory effect on aromatase activity [75] . In addition, IGF1 exerts a synergistic role with FSH on steroidogenesis of cultured rat granulosa cells [76] . Furthermore, CRH suppressed the release of both estrogen and IGF1 in cultured rat granulosa cells, and this suppressive effect was overcome by the addition of low doses of exogenous IGF1 [36] . Taken together, the data suggest that the inhibitory effect of CRH on estrogen release was mediated by a suppression of the autocrine/paracrine action of IGF1.
The present results also showed that the cortisol level in both serum and ovary increased significantly after RS. Glucocorticoids were found to enhance FSH-stimulated progesterone synthesis in cultured granulosa cells of rats and cattle [77] [78] [79] and to suppress P450 aromatase activity and decrease the number of LH receptors in rats [78, 80] , cattle [79] , and pigs [81] . Furthermore, porcine studies have demonstrated that increased glucocorticoid concentrations can disrupt ovarian IGF1 synthesis and IGF action both in vitro and in vivo [82, 83] . On the other hand, glucocorticoids were found to promote androgen production by cultured thecal cells in cattle [84] . In the present study, CRH was higher in the ovary than in the serum, whereas cortisol was lower in the ovary than in the serum. This may help to explain why testosterone was decreased in the ovary while cortisol was increased after RS, because the effect of increased CRH might override the effect of cortisol, which was reported to promote androgen production by cultured thecal cells [84] . Furthermore, the present results show that RS decreased Nr3c1 mRNA expression in the ovary. Taken together, the data suggest that RS caused apoptosis of ovarian cells and impaired oocyte competence mainly by increasing CRH but not glucocorticoids.
The present study also found that whereas the level of testosterone decreased in the ovary, it increased significantly in serum following RS of female mice. Because this was different from the situation reported for male rats in which blood testosterone was decreased after stress [85] , we examined testosterone concentrations in male mice and found a significant decrease following RS (data not shown). Studies of testosterone levels under stress in women have reported conflicting results; whereas some found general increases [86] , others observed both significant increases and decreases [87] . RESTRAINT STRESS, CRH, AND OOCYTE COMPETENCE In females, both the adrenal gland and the ovary contain the biosynthetic pathways necessary for androgen synthesis and secretion [88] , so the present results suggest that the increased serum testosterone after stress of female mice came from the adrenal gland. In both men and women, significantly elevated levels of testosterone, estradiol, androstenedione, and sex hormone-binding globulin were observed along with significantly increased ACTH and serum cortisol as a response to acute psychosocial stress [89] . In humans, the secretion of androgens and androgenic precursors is regulated by ACTH, analogous to the control of cortisol [90] . Concentrations of dehydroepiandrosterone were significantly increased in women but not in men after performing bench presses [91] . Furthermore, citalopram administration, which significantly increased overall levels of corticosterone, resulted in a greater corticosterone response and greater adrenal weights in female than in male mice [92] . Taken together, these data suggest that RS of female mice caused a hyperfunction of the adrenal gland, which increased the production of both cortisol and testosterone.
We showed in the present study that RS increased both the level of CRH in mouse oocytes and the expression of CRHR1 in CCs. Both the presence of CRH in oocytes and the localization of CRHR on CCs have been reported in rats and humans [62, 63] . A recent study showed that apoptotic CCs, in which extra-long BCL-2 interacting mediator of cell death (BIM EL ) was up-regulated, accelerated oocyte aging and degeneration in vitro via a paracrine action [93] . Furthermore, our supplementation of CRH and/or the CRHR1 antagonist antalarmin to IVM medium showed that in both control and stressed mice, CRH reduced blastocyst rates while increasing apoptotic percentages of CCs significantly and that supplementation of antalarmin eliminated the detrimental effect of CRH on CCs and oocyte developmental potential. This further confirms that CRH induces CC apoptosis and impairs oocyte competence by acting on CRHR in CCs.
In the present study, when RS mice were injected with antalarmin, no effect was observed at 24 h after injection, but the cortisol level decreased to that in the control mice when observed at 3 h after injection. This result further confirmed that RS elevated glucocorticoid levels by increasing CRH secretion, and it suggested that antalarmin was a short-time antagonist for CRHR1. In fact, the in vivo effect of antalarmin on glucocorticoid secretion has usually been measured shortly after injection [94] [95] [96] , and to our knowledge, its effect at 24 h after administration has not been reported.
To summarize, the possible pathways by which RS diminishes oocyte developmental competence have been depicted in Figure 9 . RS impaired oocyte competence mainly by increasing CRH but not glucocorticoids. Increased CRH initiated a latent apoptotic program in CCs and oocytes during their intraovarian development, which was executed later during IVM to impair oocyte competence. Thus, elevated CRH interacted with increased CRHR on thecal cells and MGCs, reducing the production of testosterone, estrogen, and IGF1 while increasing the level of progesterone. The imbalance between estrogen and progesterone and the decreased availability of growth factors triggered apoptosis of MGCs and facilitated CC expression of CRHR, which interacted with the oocyte-derived CRH later during IVM to induce CC apoptosis and reduce oocyte competence.
